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Improved Implementation of Chua's Chaotic Oscillator
Using Current Feedback Op Amp
A. S. Elwakil and M. P. Kennedy
Abstract—An improved implementation of Chua's chaotic oscillator is
proposed. The new realization combines attractive features of the current
feedback op amp (CFOA) operating in both voltage and current modes to
construct the active three-segment voltage-controlled nonlinear resistor.
Several enhancements are achieved: The component count is reduced and
the chaotic spectrum is extended to higher frequencies. In addition, a
buffered and isolated voltage output directly representing a state variable
is made available. Based on a linearized model of Chua's circuit, the useful
tuning range of the major bifurcation parameter ( ) and the expected
frequency of oscillation, are estimated.
Index Terms—Chaos, chaos generators, chaotic oscillators.
I. INTRODUCTION
Chua's chaotic oscillator has served as the primary reference for
studying and generating chaos in electronic systems [1]–[3]. The cir-
cuit exhibits rich dynamics that demonstrate most well-known routes
to chaos and has therefore been studied extensively [4]–[7]. The archi-
tecture of this oscillator is based on coupling a tank resonator (parallel
L-C2 section in Fig. 1(a)) to an active three-segment voltage-controlled
nonlinear resistor (Chua's diode) through a filter section (R-C1 sec-
tion in Fig. 1(a)). A realization of the nonlinear resistor by connecting
two voltage-controlled negative impedance converters in parallel has
been accepted as a standard [8]. This realization uses two conventional
voltage op amps (VOA’s), operating in both their linear and nonlinear
regions of operation, and six resistors. Since the nonlinear resistor is
the only active element in Chua's circuit, it imposes the limit on the op-
erating frequency due to the op amp's nonideal phase characteristics.
Aiming for high-frequency chaotic signals, improved designs of Chua's
diode should be introduced. Recently, proposed chaos based commu-
nication systems have used one of the two op amp outputs as the carrier
signal. It is thus of great advantage to have this output buffered and iso-
lated from the other circuit components. Moreover, if this output can
directly represent one of the system state variables, subsequent anal-
ysis is simplified.
In this work, the attractive combined voltage-current capabilities of
a CFOA are used to synthesize Chua's diode, resulting in a design that
requires two fewer resistors than the standard of [8]. In addition, a
buffered and isolated voltage output that directly represents a state vari-
able is made available while the operating frequency is extended. We
also investigate the possibility of providing a chaotic current output
signal which might be useful in some applications. Based on a lin-
earized model of Chua's circuit, we attempt to estimate the useful range
for tuning the main bifurcation parameter (G = 1=R) and the expected
frequency of oscillation.
Manuscript received March 13, 1998; revised December 28, 1998. This work
was supported in part by Enterprise Ireland under Grant SC/98/740. This paper
was recommended by Associate Editor K. Halonen.
A. S. Elwakil is with the Department of Electronic & Electrical Engineering,
University College Dublin, Dublin 4, Ireland.
M. P. Kennedy is with the Department of Microelectronic Engineering and
the National Microelectronics Research Centre, University College Cork, Cork,
Ireland.
Publisher Item Identifier S 1057-7122(00)00732-7.
II. THE CURRENT FEEDBACK OP AMP
The four-terminal CFOA is a versatile analog building block that
is recognized for its excellent performance in high-speed and high-
slew–rate analog signal processing [9]. It is a cascade of a second-gen-
eration current conveyor (CCII) [10] and a voltage buffer. The CFOA
describing matrix is given by
V
 
I+
IC
VO
=
0 1 0 0
0 0 0 0
1 0 0 0
0 0 1 0
I
 
V+
VC
IO
(1)
where the inverting and noninverting inputs ( ;+) are characterized
by a very low and a very high input impedance, respectively, while
current and voltage outputs are delivered to the C and O terminals
respectively.
By connecting an open circuit across the C terminal, the CFOA
works as a VOA. Doing the same at theO terminal, the CFOA works as
a CCII. The frequency and dynamic range limitations of a CFOA are in-
herited from its core CCII [11]. A comprehensive study of the CFOA's
behavior can be found in [12]and [13]; a large number of application
circuits were introduced in [14]. An excellent review of modern com-
plementary bipolar high-speed op amps, including CFOA’s, is given in
[15].
III. CIRCUITRY AND PSPICE SIMULATION
Our novel realization of Chua's circuit is shown in Fig. 1(a).
The methodology of [8] in which two voltage-controlled negative
impedance converters (VNIC’s) are connected in parallel is followed.
According to the analysis in [8], one of the VNIC’s operates only
in its linear region. Hence, this NIC can be simply realized using
one CCII and one grounded resistor, instead of one VOA and three
resistors. A CFOA is thus connected as a CCII with resistor R4 to
operate as a linear NIC in Fig. 1(a). With this connection, it turns
out that the buffered output terminal (VO) of this CFOA is available
for direct access and is isolated from all other components. Recall
from (1) that VO is equal to VC which is by connection forced to
V+. However, V+ is just the voltage across C1. Hence, VO directly
represents a state variable of the system. Resistors R1; R2; R3 and the
associated CFOA operate as a nonlinear VNIC, as required by [8]. In
this case, the CFOA works as a VOA under the condition that the C
terminal is an open circuit or, equivalently, the current I in Fig. 1(a)
is zero. A PSpice simulation of a double scroll attractor is shown in
Fig. 1(b) with L = 180 H, C2 = 1 nF, R = 1:6 K
, C1 = 100
pF, R1 = R2 = 22 K
, R3 = 3:3 K
, R4 = 2:2 K
 and using
the commercial AD844 CFOA biased with ±9 V. The same values of
R;R1; R2; R3; and R4 as in [8] are used. However, the inductor and
capacitors are scaled down to extend the operating frequency, making
use of the excellent performance of the CFOA at high frequencies.
Instead of wasting the current output (I) of the first CFOA, we
investigated the effect on the chaotic behavior of using it to drive a
load resistor. It was found that the smaller the load (higher driving
capability) the smaller the value of R3 required to maintain chaos.
The output current (I) and voltage (VO) are shown in Fig. 2 with a
5-k
 load and with R3 = 500 
. Current saturation is obvious since
the operation of the first CFOA is not confined to its linear region.
1057–7122/00$10 © 2000 IEEE
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Fig. 1(a). The improved Chua's circuit realization. (b). PSpice simulation of the phase space trajectory.
IV. ESTIMATION OF THE TUNING RANGE AND GENERATED
FREQUENCY
The dynamic behavior of Chua's circuit can be adjusted by varying
any of its elements. However, using resistor R (1=G) as a bifurcation
parameter is generally adopted. Thus estimating the possible tuning
range of R is useful. Furthermore, estimation of the expected oper-
ating frequency of Chua's circuit for specific parameters is also useful.
Chua's circuit equations are given by
C1 _VC1 = G(VC2   VC1)  f(VC1)
C2 _VC2 = G(VC1   VC2) + IL
L _IL = VC2
(2a)
and
f(VC1) = m1VC1 +
1
2
(m0  m1)[jVC1 +Bpj   jVC1  Bpj] (2b)
where m1 and m0 are the slopes of the outer and inner segments of
the three-segment piecewise-linear characteristic of Chua's diode and
Bp are the two break points.
A linearized Chua's circuit model has a characteristic equation given
by
s3 + a2s
2 + a1s+ a0 = 0 (3)
where
a2 =
G
C2
+
G+mi
C1
; a1 =
1
LC2
+
G+mi
C1C2
and a0 =
G+mi
LC1C2
:
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Fig. 2. Voltage and current outputs with a 5-K
 load.
Fig. 3. (a) An experimental trajectory. Horizontal axis: (0.2 V/cm), Vertical axis: (0.2 V/cm). (b) Experimental measurement of the
chaotic spectrum.
The condition for oscillation (a1a2 = a0) and radian frequency of
oscillation (!0 =
p
a1) are thus found to be
G =   C
2
1 + LC2m
2
i
Lmi(C1 + C2)
(4a)
!0 =
1p
LC2
1 +
GLmi
C1
(4b)
with the constraint jGLm
C
j < 1. Note that with no coupling (G = 0),
the oscillating frequency is that of the resonant tank, as expected.
A widely used design set is C1 = 1=9; C2 = 1; L = 1=7 and
mi =
 0:8 in the inner segment
 0:5 in the outer segments . The corresponding range for G
calculated from (4a) is: 0:6055 < G < 0:8172. Choosing G = 0:7,
the range for the frequency of oscillation from (4b) is 1:4 < !o <
1:962. Appropriate scaling can then be used to estimate actual values.
V. EXPERIMENTAL RESULTS
The circuit of Fig. 1(a) was constructed taking L = 120 H, C2 =
470 pF, R = 2 k
 pot., C1 = 56 pF, R1 = R2 = 22 k
, R3 = 5 k

pot. and R4 = 2:2 k
. The observed VC1   VC2 trajectory is shown
in Fig. 3(a). It was observed that a wider range for tuning can be ob-
tained by varying R3, rather than R. The chaotic frequency spectrum,
shown in Fig. 3(b), is centred approximately around 522 kHz. It is
worth noting that the parasitic capacitances at the CFOA C terminals
have negligible effect, since this terminal is unused for one CFOA while
for the other C1 has a dominant swamping effect.
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VI. CONCLUSION
An improved implementation of Chua's circuit has been introduced.
The circuit provides a higher bandwidth of chaotic signal with buffered
output. Functionality was demonstrated using a commercial CFOA.
However, even higher operating frequencies can be achieved with re-
cently reported CFOA designs, such as that in [16] which has a 3-dB
bandwidth of 110 MHz. By adding a voltage buffer to the CCCII given
in [17], [18], CFOA’s that are suitable for telecommunication applica-
tions can be obtained. We note that another CFOA-based implemen-
tation of Chua's circuit has been reported recently [19]. Our design is
superior in that it provides a buffered output voltage that directly rep-
resents a state variable, in addition to a current output signal. It should
also be noted that other extended frequency chaotic oscillators using
the CFOA have also been introduced recently [20], [21].
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DC-AC Power Inversion Using - Modulation
Alan J. Frazier and Marian K. Kazimierczuk
Abstract—A feasibility study of-modulation as a control mechanism
for low-frequency dc-ac power inverters with sinusoidal output voltage is
presented. The sinusoidal dc-ac inverter, composed of a- 1-bit A/D con-
verter and a half-bridge inverter, was built and tested. Measured Bode plots
of the closed-loop response are given and the output voltage waveform ob-
served at 50 Hz is shown.
Index Terms—DC-AC inverters,- 1-bit A/D modulators.
I. INTRODUCTION
Low-frequency dc-ac power inverters have been the focus of re-
search for the last few decades [1]–[5]. These inverters have many
applications, such as audio power amplifiers, uninterruptible power
supplies, motor drives, and line conditioners. Pulse-width modulation
(PWM) has been the workhorse technique in this field with a large se-
lection of methods [1], [2]. Some of these methods are complex and
sophisticated, ranging from vector PWM [3] and neural networks [4]
to random PWM [5]. Other methods include sliding mode and mul-
tiple-feedback control schemes [8]–[11].
The purpose of this paper is to briefly investigate the feasibility
of - modulation [6], [7] as a control strategy for switching-mode
dc-ac low-frequency sinusoidal output voltage inverters. Advantages
of this technique include simplicity of implementation, low-cost,
low-switching noise, and high-quality sinusoidal output voltage.
II. CIRCUIT DESCRIPTION
A buck circuit, from one viewpoint, is merely a high-power, one-bit
digital-to-analog converter. By connecting the one-bit digital output of
a - modulator to the one-bit digital input of a buck circuit, an in-
verter can be constructed.
A. - Modulator
The - modulator contains a summation amplifier, an integrator,
two comparators, and aD flip-flop, as shown in Fig. 1. The circuit was
constructed around three LF347 op amps and one 74C74 flip-flop, as
depicted in Fig. 2. The summation and integration circuits were com-
bined, using 10-k
 resistors and a 0.01-µF capacitor, providing a rea-
sonable approximation of an integrator with dc compensation. The for-
ward-path comparator was made using a 5.1-V Zener diode to clamp
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